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Abstract
Background
The availability of robust evidence to inform effective public health decision making is
becoming increasingly important, particularly in a time of competing health demands and
limited resources. Comparative Risk Assessments (CRA) are useful in this regard as they
quantify the contribution of modifiable exposures to the disease burden in a population. The
aim of this study is to assess the contribution of a range of modifiable exposures to the bur-
den of disease due to stroke, an important public health problem in Scotland.
Methods
We used individual-level response data from eight waves (1995–2012) of the Scottish
Health Survey linked to acute hospital discharge records from the Scottish Morbidity Record
01 (SMR01) and cause of death records from the death register. Stroke was defined using
the International Classification of Disease (ICD) 9 codes 430–431, 433–4 and 436; and the
ICD10 codes I60-61 and I63-64 and stroke incidence was defined as a composite of an indi-
vidual’s first hospitalisation or death from stroke. A literature review identified exposures
causally linked to stroke. Exposures were mapped to the layers of the Dahlgren & White-
head model of the determinants of health and Population Attributable Fractions were calcu-
lated for each exposure deemed a significant causal risk of stroke from a Cox Proportional
Hazards Regression model. Population Attributable Fractions were not summed as they
may add to more than 100% due to the possibility of a person being exposed to more than
one exposure simultaneously.
Results
Overall, the results suggest that socioeconomic factors explain the largest proportion of inci-
dent stroke hospitalisations and deaths, after adjustment for confounding. After DAG
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adjustment, low education explained 38.8% (95% Confidence Interval 26.0% to 49.4%, area
deprivation (as measured by the Scottish Index of Multiple Deprivation) 34.9% (95% CI 26.4
to 42.4%), occupational social class differences 30.3% (95% CI 19.4% to 39.8%), high sys-
tolic blood pressure 29.6% (95% CI 20.6% to 37.6%), smoking 25.6% (95% CI 17.9% to
32.6%) and area deprivation (as measured by the Carstairs area deprivation Index) 23.5%
(95% CI 14.4% to 31.7%), of incident strokes in Scotland after adjustment.
Conclusion
This study provides evidence for prioritising interventions that tackle socioeconomic inequal-
ities as a means of achieving the greatest reduction in avoidable strokes in Scotland. Future
work to disentangle the proportion of the effect of deprivation transmitted through intermedi-
ate mediators on the pathway between socioeconomic inequalities and stroke may offer
additional opportunities to reduce the incidence of stroke in Scotland.
Introduction
In a period of limited resources and competing health priorities, the availability of robust
health evidence to inform effective public health decision making is becoming increasingly
important [1]. Burden of Disease studies are useful in this regard as they provide a comprehen-
sive assessment of the health of the population through a single combined measurement of
fatal and non-fatal health outcomes. A key element of this is the Comparative Risk Assessment
(CRA) which quantifies the contribution of modifiable exposures to the disease burden in a
population.
Global Burden of Disease (GBD) studies have been estimating the burden of disease attrib-
utable to exposures since 1990, and most recently in 2016 as part of ongoing CRA updates [2–
4]. Since the first study, there have been considerable methodological advances facilitating the
production of estimates for increasingly smaller geographies with estimates for Scotland being
produced in GBD 2015 for the first time [5]. A key limitation of these studies to date has been
a degree of reliance on synthetic estimates and, until recently, the restriction of exposures to
health behaviours and clinical exposures.
Stroke is an important public health problem in Scotland which can result in death or per-
manent physical or psychological disability [6]. It is also a substantial cause of social and finan-
cial costs for affected individuals, their families and wider society [7]. The Global Burden of
Disease (GBD) study 2016 ranked cerebrovascular disease including stroke as the second most
common cause of death and disability globally and third most common in Scotland [8]. In
comparison, the Scottish Burden of Disease, Injuries and Risk Factors Study ranked stroke as
the 7th most common cause of death and disability in Scotland in 2015 [9]. Declines in mortal-
ity from stroke have however been observed in most Western European countries [10] and
Scotland has also seen an overall decrease in stroke mortality, though it remains high in com-
parison to other countries of Western Europe [11,12]. The percentage of patients in Scotland
surviving for at least 30 days after emergency admission to hospital with a principal diagnosis
of stroke increased slightly over the past decade from 80% to 84% across all age groups [13].
Although an increase in survival from stroke is a positive outcome, the substantial morbidity
that can result from cerebral impairment means that it remains a leading cause of adult disabil-
ity in the UK.[14]. In addition, stroke incidence is strongly correlated with age, with older
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adults at highest risk [15]. This means that as the population ages, the burden of disease due to
stroke may increase [16].
It is well recognised that stroke is a largely preventable disease and a range of potentially
modifiable exposures such as poverty, smoking, poor diet, lack of exercise and alcohol con-
sumption, all of which are prevalent in the Scottish population, have been proposed as causal
exposures [17]. Given the high mortality and morbidity stroke causes, there is a need to better
understand the exposures which should be the focus of intervention if the burden of disease
from stroke is to be reduced. This study quantifies the contribution of a range of modifiable
exposures to the burden of disease due to stroke in Scotland using a novel methodological
approach linking Scottish Health Survey data to routine administrative health data.
Methods
Overview
Population attributable fractions (PAFs) were calculated for a range of exposures using effect
size estimates (hazard ratios) systematically adjusted for behavioural and socio-economic
exposures deemed potential confounders on the causal pathway between exposure and stroke.
We created a series of Directed Acyclic Graphs (DAG) based on the interpretation of the
stroke literature by the authors on the causal pathways involved (see S1–S8 Figs). We recognise
that our DAGs are limited by the available data and that even the exposures to different aspects
of socioeconomic position are themselves caused by other factors across political economy.
This was used to develop the adjustments in the modelling such that confounders of all the
available exposures on the burden of stroke were identified. The Stata SE statistical package
version 13.1 for Windows was used for all analyses [18]. An overview of the comparative risk
assessment method used in this study is shown in Fig 1.
Data sources
Pooled cohort study data was created by linking eight waves of Scottish Health Survey (SHeS)
respondents’ data (1995 to 2012) to health service and deaths records. A universal health ser-
vice identifier, the Community Health Index (CHI), was used to facilitate data linkage.
Between 85.6% and 92.8% of SHeS respondents agreed to their survey data being linked to rou-
tine hospital admission data across all waves [19]. In total, 51,468 adults who consented to data
linkage were able to be followed up in this study. The SHeS sample frame for adults changed
from 16–64 years in 1995; to 16–74 years in 1998; and finally to 16+ years from 2003 onwards.
Two data sources on stroke outcomes were linked to the Scottish Health Survey. The first of
these was the Scottish Morbidity Record (SMR01) [20], with hospital admissions available for
stroke going back to 1981, and the second data source was for death records from National
Records of Scotland (NRS).
Identifying and selecting exposures for stroke
Exposures for stroke were identified through a literature review and mapped to the Dahlgren
& Whitehead model of the determinants of health [21]. A list of exposures was compiled from
this and reviewed by a panel of stroke experts (see Acknowledgments).
Following identification of exposures for stroke, the potential for measuring each of these
using variables from the combined SHeS dataset (1995 to 2012) was assessed. Inclusion of an
exposure measure was based on the availability of measures in each survey and comparability
across survey waves, the strengths and weaknesses of each measure in estimating exposure and
whether there were any changes to survey questions between waves. An exposure was deemed
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as having no, low, moderate or high potential for modification. See S1 File for the classification
criteria.
Some variables changed across the different waves of SHeS. Where this was the case, the
salient caveats for interpreting the impact of these differences when combining variables across
survey waves are discussed. The variables for highest educational qualification attained could
not be combined across survey waves due to significant differences in coding of qualifications
over time. To resolve this problem, the qualifications for each wave were mapped to the Inter-
national Standard Classification for Education (ISCED) 1997; an internationally recognised
framework for cross-mapping national qualifications onto a standard, internationally compa-
rable scale [22].
Defining incident stroke
Stroke was coded using the International Classification of Disease (ICD) 9 codes 430–431,
433–4 and 436; and the ICD10 codes I60-61 and I63-4. This included subarachnoid and intra-
cerebral haemorrhage, cerebral artery occlusion and stenosis, cerebral infarction and unspeci-
fied strokes; but not Transient Ischaemic Attacks (TIAs). Incidence was defined as death
where stroke was recorded as the immediate cause or a hospital admission with a primary
diagnosis of stroke. Those who had previously had a stroke, identified through the application
of a 10 year look back period to hospital admission records were excluded. In addition, if the
Fig 1. Overview of comparative risk assessment method for estimating the burden of stroke attributable to selected exposures.
https://doi.org/10.1371/journal.pone.0216350.g001
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participant self-reported previously having had a stroke at any time they were also excluded.
There were insufficient events to undertake separate CRAs for stroke sub-types or separately
for stroke mortality and morbidity.
Descriptive analysis
The distribution of exposures in the pooled data-set was explored by age, sex and Scottish
Index of Multiple Deprivation (SIMD), a multi-factorial measure of area-based deprivation
based on seven domains: income, education, employment, crime, health, housing and geo-
graphical access to services [23].
Missing data
Missing data were defined as either ‘soft’ missing (i.e. those cases which were valid for imputa-
tion because individuals did not respond or ‘didn’t know’) or ‘hard’ missing (i.e. those that for
whom the question/variable was not applicable). Most missing data were for income, alcohol
consumption (almost entirely because they were not asked in the 1995 or 1998 survey waves)
and fruit and vegetable consumption. Multiple imputation via chained equations was used to
model missing exposure data, starting with 20 imputations [24]. The imputation model for
each exposure variable with missing data included all confounders identified from the DAG
model and the stroke outcome variable itself. Interaction effects were not included in the
imputation model. Validity was checked by plotting the distributions of the observed and
imputed values for the continuously measured variables and looking at the proportion of val-
ues at each level for categorical variables and then checking whether the imputation algorithm
converged (see S1 File).
Survival analysis
A Cox proportional hazards regression approach was used to examine the relationship
between the time to the incident stroke event from the date of the survey interview and expo-
sure to selected modifiable exposures at baseline (survey interview date). As an individual was
potentially subject to the competing risk of dying from an event unrelated to stroke, we mod-
elled the cause-specific hazard i.e. the conditional probability that a survey respondent exposed
to a particular exposure will be admitted to hospital, or die during the follow-up time-period
and that stroke will be the cause [25]. Every exposure was initially modelled adjusting for age
and sex. We dropped any variables that did not show significance at p<0.05 between catego-
ries to avoid the risk of a type I error.
We avoided spurious causal relationships and confounding by drawing Directed Acyclic
Graphs (DAGs) to illustrate causal relationships between each exposure and stroke [26]. We
used the DAGitty software [27] with an adjustment set for the total effect for a exposure i.e. the
blocking of all confounding paths, leaving all direct and mediating causal paths unblocked
[27]. Adjustment sets for the direct effect of each exposure mediated through separate path-
ways was outside the scope of this project (S1 Fig).
The Minimally Sufficient Adjustment Set (MSAS) for the total effect of each exposure on
stroke incidence was then used to identify the covariates to adjust for in the final model. This
equated to the minimum number of variables that need to be adjusted for in order to control
for confounding between the exposure-outcome relationship of interest as identified from the
DAG, any subset of which was not sufficient [27]. Calculating the total effect for each exposure
facilitated the estimation of the ‘complete’ effect that an exposure may have on stroke risk. The
DAG method also allowed for a logical and consistent approach to the degree of adjustment
that included socio-economic, behavioural and physiological exposures.
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The form of the functional relationship for the continuous exposure-stroke pairings was
modelled using fractional polynomials to find the best fitting degree (D) and power (P)
through assessing deviance from linearity. All four such variables (BMI, fruit and vegetable
consumption, cholesterol and SBP) had a linear function of Degree 1 (D1) and Power 1 (P1).
This was deemed the most efficient functional form for the Cox proportional hazards
regression.
Defining the theoretical minimum risk level
The Global Burden of Disease approach for defining a counterfactual level of risk was followed
by setting a Theoretical Minimum Risk Exposure Level (TMREL) [2]. This was the level which
the evidence suggested posed the minimum health risk to a population [28]. Using the
TMREL as the counterfactual indicates the potential for improvement in population health.
The TMREL was primarily informed by looking at previous burden of disease/burden of
stroke studies [29–32].
As global burden of disease studies have largely focussed primarily on behavioural and clin-
ical exposures, no information was available on setting a TMREL for socio-economic expo-
sures. Instead, the TMREL was informed by reviewing the literature and exploring the
exposure-response relationship for the stroke data and socio-economic exposure data in the
SHeS-SMR linked dataset. For behavioural and physiological exposures, we chose to use the
TMREL identified from Global Burden of Disease studies as these are regularly updated and
are based on a systematic review of published and unpublished literature [28].
Population attributable fractions
The formula used to calculate PAFs was based on the PAF definition of Greenland and
Drescher [33] which is recommended for use with survival data [34]. It was calculated using
the punafcc post-estimation command in Stata. The use of punafcc facilitated the inclusion of
categorical and continuous exposure variables in the regression model and the calculation of
confidence intervals around the PAF. PAFs were not summed as they may add to more than
100% due to the possibility of a person being exposed to more than one exposure
simultaneously.
Burden of stroke attributable to selected exposures
Disability Adjusted Life Years (DALYs), a composite measure of Years of Life Lost and Years
Lived with Disability, was calculated by the Scottish Burden of Disease, Injuries and Risk Fac-
tors project team [1,35]. A key application of the PAF is the use of this metric in combination
with DALYs to estimate the number of DALYs attributable to particular exposures. The total
DALYs for stroke were multiplied by the PAF estimates (percentage) to give the number of
stroke DALYs, and the reduction in hospital discharge rate, that was attributable to each
exposure.
Data permissions and ethics statement
Ethics approval for SHeS 2012 was given by the National Health Service (NHS) Multi-Centre
Research Ethics Committee (reference number 11/WA/0246) and use of linked data was
approved by the Privacy Advisory Committee to the Board of NHS National Services Scotland
and Registrar General (PAC reference 26/14). This study forms part of the wider National Bur-
den of Diseases, Injuries and Risk Factors Study for Scotland which was initially grant funded
by the Scottish Chief Scientist Office (CZH/4/756). Access to the data was granted through the
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‘electronic Data Research and Innovation Service’ (eDRIS) of ISD Scotland who ensured that
our use of the data and analyses would not breach privacy and confidentiality guidelines. All
participants whose data we use from the Scottish Health Survey gave full informed consent to
participation in the study and data linkage.
Results
Baseline sample characteristics
A total of 49,451 consented survey respondents were followed up over 343,093 person-years
(median 4.2 years; range 1 day to 17.8 years). There were more women in the combined sam-
ple than men (56.3% and 43.7% respectively); the median age for men and women was the
same. There were approximately 20% of respondents in each SIMD quintile with the lowest
percentage in the least deprived (17.9%) as outlined in Table 1.
A total of 575 respondents (1.2%) experienced a stroke hospitalisation as their incident
event between the survey interview date and the end of the follow up period. There were 10
additional stroke fatalities (0.02%). Of the other survey respondents, 44,192 (89.4%) were alive
and without an incident stroke by the end of the study follow-up period, 3,011 respondents
(6.1%) died of a non-stroke related cause and 1,663 (3.4%) emigrated out of Scotland or
became otherwise untraceable through CHI.
Of the 585 individuals who experienced a stroke event during the follow up period, 211
were aged 65 years or younger and the remaining 374 were aged 65 years or older. This equates
to an age-specific rate of 89 strokes per 100,000 in the under 65 age group and 352 per 100,000
in those aged 65 years or older. These age-specific rates from the SHeS sample were much
lower than age-specific hospital discharge rates reported routinely from administrative data
for stroke (ICD10 I61, I63 & I64), particularly for adults aged 65 years and over (271.7 per
100,000 in those under 65 years and 3,165.9 per 100,000 in those aged 65 years and over).
Survival analysis (multiple imputation with chained equations)
Of the 13 exposures included in this study, just over half were still statistically significant pre-
dictors (p<0.05) of stroke following estimation of cause-specific hazard ratios (HR) from a
Cox-regression model after adjustment for co-variates identified from the DAG model
(referred to below as the ‘DAG adjusted model’) (Tables 2 and 3). We also performed a sensi-
tivity analysis without multiple imputation using a complete case analysis. None of the results
were substantially altered in any way (not shown).
Population attributable fractions
Low education accounted for the largest fraction of stroke incidence, explaining 38.8% (95%
CI 26.0% to 49.4%) of incident stroke events. This was followed by area deprivation, (as mea-
sured by SIMD 2012) which explained 34.9% (95% CI 26.4% to 42.4%) of first stroke and ciga-
rette smoking which explained 25.6% (95% CI 17.9% to 32.6%). High systolic blood pressure
explained 29.6% (95%CI 20.6% to 37.6%) while being in an occupational social class other
than “professional” explained 30.3% (95%CI 19.4% to 39.8%) of strokes. In addition, a second
measure of area deprivation (Carstairs 2001), based on measures of material deprivation,
explained 23.5% (95%CI 14.4% to 31.7%) of incident strokes in Scotland.
Fruit and vegetable consumption, BMI and physical activity were significant risk factors for
stroke after adjustment for age and sex, but not after full DAG adjustment. Cholesterol, alcohol
consumption, unemployment, and equivalised income did not increase the hazard of incident
stroke after adjustment for age and sex and were dropped from the model (Fig 2).
What causes the burden of stroke in Scotland?
PLOS ONE | https://doi.org/10.1371/journal.pone.0216350 July 8, 2019 7 / 20
Applying PAFs to Scottish data
PAFs can be applied to actual Scottish incidence data to give the potential reduction in stroke
rates that would be expected if the exposure was at the optimum theoretical level. In 2012/13,
the age-sex standardised hospital discharge rate for stroke (using the 2013 European Standard
Population) was 342.4 per 100,000 population at risk [36] and the number of stroke DALYs
was 47,836 [37] (Table 4).
Discussion
Main results
Overall, these results suggest that socio-economic inequality is the strongest explanatory factor
for the burden of stroke in Scotland relative to the contribution of the other exposures consid-
ered in this study. Of the socio-economic indicators measured, low education explained the
largest proportion of incident strokes after DAG adjustment followed by area deprivation (as
measured by SIMD), occupational social class and area deprivation (as measured by the Car-
stairs Index). Of the behavioural and physiological exposures included in this study, cigarette
smoking explained the greatest proportion of strokes after DAG-adjustment followed by high
systolic blood pressure. Individual PAFs were not summed as they may add to more than
100% due to the possibility of a person being exposed to more than one exposure
simultaneously.
In an applied context, this equated to a theoretical reduction in hospital discharge rate from
stroke of between 79.6 and 132.9 discharges per 100,000 population at risk (in 2012/2013)
Table 1. Demographic characteristics of the 1995–2012 combined SHeS sample.
Men Women Total
Population bases
Population at risk (N) 21,594 (43.7%) 27,857 (56.3%) 49,451 (100%)
Person-years at risk
Total 149,583 193,510 343,093
Median years (IQR) 4.2 (2.2 to 13.7) 4.2 (2.3 to 13.8) 4.2 (2.2 to 13.7)
Range (years) 0.1 to 17.7 0.1 to 17.7 0.1 to 17.8
Age at survey (years)
Median (IQR) 47 (34 to 61) 47 (34 to 61) 47 (34 to 61)
SIMD quintile (N)
1 (most deprived) 4,162 (41.6%) 5,845 (58.4%) 10,007 (100%)
2 4,308 (43.0%) 5,702 (57.0%) 10,010 (100%)
3 4,498 (44.0%) 5,715 (56.0%) 10,213 (100%)
4 4,624 (44.6%) 5,739 (55.4%) 10,363 (100%)
5 (least deprived) 3,981 (45.1%) 4,837 (54.9%) 8,818 (100%)
Survey wave (N)
1995 3,159 (44.6%) 3,930 (55.4%) 7,089 (100%)
1998 3,527 (44.1%) 4,470 (55.9%) 7,997 (100%)
2003 3,110 (43.9%) 3,979 (56.1%) 7,089 (100%)
2008 2,306 (43.7%) 2,975 (56.3%) 5,281 (100%)
2009 2,642 (43.3%) 3,461 (56.7%) 6,103 (100%)
2010 2,547 (42.6%) 3,433 (57.4%) 5,980 (100%)
2011 2,664 (43.2%) 3,505 (56.8%) 6,169 (100%)
2012 1,639 (43.8%) 2,104 (56.2%) 3,743 (100%)
https://doi.org/10.1371/journal.pone.0216350.t001
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through the reduction of socio-economic inequalities and between 87.7 and 107.2 discharges
per 100,000 population at risk from a reduction in blood pressure and smoking respectively, if
the prevalence of each exposure matched the respective theoretical minimum risk level
(TMREL). Similarly, the decrease in the number of stroke Disability Adjusted Life Years
(DALYs) which would have theoretically been observed in 2013 from the reduction of socio-
economic inequalities to the specified TMREL, would have ranged from 11,241 to 18,560 and
Table 2. Exposure prevalence, stroke event and hazard ratios for selected modifiable socioeconomic exposures, after multiple imputation, adjustment for age, sex
and the DAG model.
Age-sex adjusted model
Exposure N
Total population�
n
No. of incident strokes
HR 95% CI p-value
Socio-economic characteristics
Equivalised income
1 (Top quintile) 8,793 42 1 (ref)
2 8,613 65 1.17 0.64 to 2.15 0.601
3 8,270 88 1.41 0.71 to 2.81 0.320
4 8,334 135 1.78 0.98 to 3.20 0.057
5 (lowest quintile) 6,743 102 1.86 0.95 to 3.62 0.069
SIMD 2012
5 (least deprived) 10,012 170 1 (ref)
4 10,013 129 1.47 1.0 to 2.17 0.053
3 10,216 114 1.83 1.26 to 2.68 0.002
2 10,366 104 1.79 1.23 to 2.60 0.002
1 (most deprived) 8,819 66 2.47 1.74 to 3.51 <0.001
Carstairs 2001
1 (least deprived) 9,295 87 1 (ref)
2 11,623 120 1.55 1.10 to 2.19 0.012
3 10,427 133 1.41 1.00 to 1.98 0.047
4 9,124 106 1.64 1.15 to 2.36 0.007
5 (most deprived) 8,957 137 2.00 1.44 to 2.79 <0.001
Social class
I. Professional 2,287 16 1 (ref)
II. Managerial–Technical 13,253 114 1.26 0.63 to 2.55 0.518
IIIN. Skilled–non-manual 10,717 117 1.99 0.98 to 4.05 0.059
IIIM. Skilled–manual 9,050 136 1.85 0.93 to 3.70 0.081
IV. Semi-skilled–manual 8,467 124 2.53 1.25 to 5.12 0.010
Unskilled–manual 3,261 58 2.11 1.01 to 4.46 0.048
Education
Tertiary level (ISCED 5A-5) 10,795 56 1 (ref)
Post-secondary (ISCED 4-5B) 3,728 20 2.03 1.46 to 2.97 0.057
Upper secondary (ISCED 3A) 7,154 36 1.01 0.59 to 1.79 0.979
Lower secondary (ISCED 3C) 11,648 101 1.41 0.96 to 2.08 0.080
No qualifications (ISCED 0-2A) 14,277 352 2.08 1.46 to 2.97 <0.001
Employment
Yes 27,359 154 1 (ref)
No 20,393 397 1.39 0.97 to 1.98 0.071
� Total population numbers based on the 20th imputation
https://doi.org/10.1371/journal.pone.0216350.t002
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between 12,246 and 14,973 from a reduction in the behavioural and physiological exposures
described.
Table 3. Exposure prevalence, stroke event and hazard ratios for selected modifiable individual exposures, after multiple imputation, adjustment for age, sex and
the DAG mode.
Individual behaviours
Exposure N
Total population�
n
No. of incident strokes
HR 95% CI p-value HR 95% CI p-value
Active smoking <0.001
Never smoker 24,213 193 1 (ref) 1
Ex/occasional smoker 11,399 172 1.38 1.04 to 1.84 0.026 1.29 0.94 to 1.79 0.119
Current smoker 13,747 220 2.54 1.99 to 3.25 <0.001 2.23 1.67 to 2.98 <0.001
Alcohol consumption Variable dropped��
Never drinker 2,445 32 1 (ref)
Ex-drinker 2,927 36 1.03 0.43 to 2.49 0.948
Light drinker 5,538 83 0.98 0.45 to 2.14 0.950
Moderate drinker 22,998 228 0.98 0.48 to 1.99 0.957
Hazardous/harmful drinker 10,365 79 0.96 0.39 to 2.34 0.920
Fruit and vegetable consumption 43,223 403 0.88 0.77 to 1.02 0.088
Physical activity
High 17,110 96 1 1
Medium 15,074 141 1.16 0.81 to 1.67 0.400 1.38 0.86 to 2.22 0.179
Low 15,532 313 1.62 1.11 to 2.35 0.013 1.12 0.73 to 1.71 0.605
Physiological exposures
High BMI (per kg/m2) 44,855 527 1.03 1.01 to 1.06 0.017 1.02 1.00 to 1.06 0.054
High total cholesterol (per mmol/l) 20,325 315 0.97 0.88 to 1.07 0.572 Variable dropped��
High systolic blood pressure (per mm Hg) 23,124 379 1.03 1.01 to 1.05 0.006 1.02 1.01 to 1.03 <0.001
� Total population numbers based on the 20th imputation
�� Variable dropped from model as not found to be statistically significant in the age-sex adjusted model.
https://doi.org/10.1371/journal.pone.0216350.t003
Fig 2. Adjusted PAFs for exposures related to incident stroke—multiple imputation analysis. Based on Cox proportional hazards models.
https://doi.org/10.1371/journal.pone.0216350.g002
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Strengths and limitations
This is the first comparative risk assessment study for stroke in Scotland which includes esti-
mates derived from observed incident cases and which also includes a wide range of exposures
across the whole causal pathway. It linked data from a national survey to comprehensive rou-
tine datasets (Scottish Morbidity Record 01 (SMR01) and National Records of Scotland (NRS)
deaths data) to create a large cohort study. This is a particular strength as it makes causal
claims easier as exposure precedes the outcome. It also allows us to directly estimate exposures
rather than having to rely on synthetic data.
The Scottish Health Survey (SHeS) provides robust information on a range of behaviours
and physiological exposures associated with health outcomes as well as measures of the wider
socioeconomic context. The inclusion of socioeconomic exposures into DAGs, and into the
subsequent calculation of PAFs, is novel and provides a more comprehensive picture of the
range of exposures important in causing stroke.
Two data sources on stroke morbidity were considered for linkage to the Scottish Health
Survey. The first of these was the Scottish Stroke Care Audit (SSCA) [6], which collects data on
the number of patients admitted to a stroke care unit, those receiving treatment and also outpa-
tient hospital visits from 2002 onwards; the second was the Scottish Morbidity Record (SMR01)
[20], with hospital admissions available for stroke going back to 1981. The number of recorded
acute strokes in the SSCA and SMR01 varied with SSCA estimates being higher for some hospi-
tals in comparison to SMR01 data and lower in others. Turner [38] found that SMR01 identified
75.2% of stroke incidence in Scotland in 2010–11, in comparison to the SSCA which identified
99.2%. Notwithstanding, SMR01 data were used for this study as this matched more closely
time-wise with the Scottish Health Survey; the source of risk factor prevalence data.
This study has a transparent and replicable methodology including the use of Directed Acy-
clic Graphs (DAGs) to illustrate the causal assumptions underpinning our analyses. The inclu-
sion of 95% confidence intervals around the PAF and DALY estimates added an important
measure of precision. This study took the competing risk of death from non-stroke related
causes into account by calculating cause-specific hazard rates. This is an important strength of
this study as ignoring competing risks can over-estimate the hazard ratios because individuals
who die are interpreted statistically as censored i.e. still being able to go on to experience the
event of interest.
Table 4. Potential reduction in age-sex standardised rate of Scottish stroke hospital discharges1 2 per 100,000 population and Disability-Adjusted Life-Years
(DALY)3 in 2012/13 if exposures were reduced to the TMREL.
Exposure Reduction in crude hospital discharge rate
(2012/13)4 5
95% CI Discharge rate Reduction in number of stroke DALY (2013)6 95% CI—DALY
Education 132.9 89.0 to 169.0 18,560 12,437 to 23,631
SIMD 2012 119.5 90.4 to 145.2 16,695 12,629 to 20,282
Systolic blood pressure 107.2 72.2 to 137.3 14,973 10,094 to 19,182
Social class 103.7 66.4 to 136.3 14,494 9,280 to 19,039
Smoking 87.7 61.3 to 111.6 12,246 8,562 to 15,595
Carstairs 2001 79.6 48.8 to 107.4 11,241 6,888 to 15,164
1 Source of Stroke hospital discharge data: Table AS1: http://www.isdscotland.org/Health-Topics/Stroke/Topic-Areas/Hospital-Activity/
2 Hospital discharge data based on all types of admission as of the year ending 31st March
3 Source of stroke Disability Adjusted Life Year data: Estimates calculated by and provided by the Scottish Burden of Disease Project Group
4 Reduction in hospital discharge rate based on a crude discharge rate for all adults of 342.4 discharges per 100,000 population multiplied by respective PAF
5 Reduction in the number of DALYs based on a stroke DALY estimate of 47,836 for 2013 (calendar year)
6 DAG adjusted PAF estimates used in the calculation of the reduction in stroke crude hospital discharge rate and DALYs.
https://doi.org/10.1371/journal.pone.0216350.t004
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There is the potential for responder (sample frame and response rate) and recording biases
(problems in measuring income, employment, self-assessed alcohol, physical activity and diet).
This could lead to a particular bias for exposures such as alcohol which suffer from both
responder bias (with heavier drinkers under-represented) and reporting bias (with individuals’
under-reporting how much they actually drink) [39].
There are limitations in the utility of using area deprivation measures for identifying risk at
the individual level as not all people in deprived areas will be deprived and not all those in the
least deprived areas will be affluent (the ecological fallacy) [40]. The Carstairs Index may not
be the best measure of area deprivation as, for example, only 3% of the population are reported
to be living in overcrowded conditions and a car is perhaps less of a luxury than in the past,
particularly in rural areas where it usually seen as a necessity [41].Both of these issues would
tend to bias estimates of the association between socioeconomic position and health outcomes
downwards. SIMD has been criticised as an explanatory measure as health is included as part
of the index, creating a circularity between exposure and outcome and potentially biasing asso-
ciations between socioeconomic status and health outcomes upwards. A suggested alternative
is to use an index based on the income and employment domains of SIMD. It was not possible
to obtain these for the present study, however, it has been shown that the correlation between
the income-employment domain and the combined SIMD index is high therefore it is likely
that the effect of including the health domain is minimal [40].
The effect of socio-economic deprivation may be mediated through behavioural and physi-
ological exposures such as smoking, high cholesterol and high BMI. The present study did not
look at this however due to time constraints.
As discussed in the methods section, Turner et al [38] concluded that stroke incidence in
Scotland may be undercounted by up to 25% when estimated using SMR01 (assessed on data for
2010/11). Strokes which do not result in hospitalisation will not be counted in the SMR data, and
this may have led to an underestimate of incidence, particularly for earlier data where strokes
were more frequently managed in the community. The ICD10 codes used in this study have,
however, been shown to have a high Positive Predictive Value (PPV) in epidemiological studies
for identifying stroke cases [42]. In addition, strokes that are not hospitalised are potentially less
likely to incur as much health loss as those hospitalised due to stroke. As we followed patients up
over time, any subsequent strokes resulting in hospitalisation would be captured in the study.
Decisions also had to be made on the direction of causality between exposures, e.g. between
alcohol consumption and deprivation. Another salient example is the inclusion of those on
medication for health issues such as high blood pressure and cholesterol. Being on medication
may artificially lower risk for some people whereas being diagnosed with high blood pressure
may motivate an individual to lower their behavioural exposures.
The small number of incident stroke hospitalisations and deaths (n = 585) recorded in the
SHeS-SMR-NRS linked dataset may have meant that some analyses were insufficiently pow-
ered to detect real differences for some of the exposures. In addition to this, the unbalanced
distribution of individuals in different risk categories may account for the inability to detect
differences between group categories as described for several exposures earlier.
The risk profile may vary between stroke subtypes due to differing causal pathways. It was
not possible to look at this in the current study due to sample size restrictions.
Comparison with the published literature
The age-specific incidence rate for stroke was approximately four times higher in adults aged
65 years and over, compared to younger adults. This ratio is smaller than that reported in rou-
tine administrative data on hospital discharge rates for stroke in 2012/13 with the rate in adults
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aged 65 years and over approximately 12 times higher than younger adults, a considerably
wider gap than suggested by the SHeS-SMR/NRS linked dataset. The exclusion from the SHeS
of individuals in institutionalised care, as well as the ‘healthy respondent effect’, whereby those
who are not well enough to respond are not therefore represented, may explain why the SHeS
sample is generally healthier than the Scottish population as a whole [43].
Five exposure measures were included in the current study in an attempt to capture differ-
ent elements of socio-economic position (SEP): equivalised household income, SIMD, Car-
stairs Index, social class and education. The results for each of these will be discussed
separately below.
Equivalised household income was dropped from the model as the hazard ratio did not
reach significance at the 5% level for any quintiles when compared to the top income quintile
(referent). The results from the current study are consistent with two European studies which
did not find a link between household income and stroke [44,45]. It is interesting to see the
continuation of this patterning of results by the type of income measure as highlighted earlier
in the literature review, however, there is a high degree of uncertainty in terms of the strength
of evidence presented in these two studies. These two studies both focused on demographically
homogenous communities in France and the Netherlands reducing the generalisability to each
country as a whole.
The current study used self-reported income data from the SHeS to estimate the income
distribution of the Scottish population living in private households. This is a self-reported mea-
sure and is known to be problematic as individuals may not wish to divulge their income. A
linear increase was observed in hazard ratios with decreasing income and while the effect of
income was significant for the model overall (p<0.001), a small, or unequal, sample size (par-
ticularly for those in the lowest income quintile) may have resulted in a lack of power to detect
the exposure-outcome relationship.
These findings are in contrast to two studies which found an increased risk of stroke in rela-
tion to taxable income. The first study [46] had a cohort study design with a very large, registry
based sample and 12 years of follow-up. As the study population was restricted to working
ages, the generalisability of the results to the wider population may be limited. Jakovlijevic [47]
reported a relationship between income and ischaemic stroke based on a population registry
covering three regions of Finland. It is difficult to say whether this is representative of the pop-
ulation as a whole. Neither study examined the impact of income on haemorrhagic stroke.
The finding that individuals who reported having no qualifications were more than twice as
likely to experience a stroke as those who reported being educated to tertiary level was broadly
consistent with the published literature reviewed. Avendano [48] reported a link between low
education and increased risk of stroke amongst adults living in England and Wales, however,
this association was not evident in adults aged 75 years or older. This might reflect an
increased risk of recall bias as individuals get older and the time since leaving education
increases.
Of the two measures of area-based deprivation, the percentage of strokes which could be
explained by SIMD was higher than that explained by Carstairs (34.9% and 23.5% respec-
tively). This may relate to the different time periods to which these two indices refer (2012 and
2001), a reflection of the data available at the time of analysis, or may represent a difference in
the way area deprivation is measured by these two indices. The strength of evidence in the
published literature for area deprivation in Scotland is high, particularly given that data on
stroke incidence, stratified by SIMD is reported routinely. This provides a good benchmark to
compare the SHeS–linked data against.
Occupational social class explained over 30% of stroke events, after adjustment for age and
sex. There is some potential for reverse causality as poor health may limit occupational
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opportunities [49]. It could be argued that social class is not a modifiable exposure, however,
the relative power of different social classes, and the benefits and negative consequences of
being a part of different social classes, does change profoundly over time and is therefore an
important and modifiable series of social processes [50].
Unemployment was not a significant risk factor for incident stroke events in this dataset
after adjustment for age and sex though the measure was limited as it did not exclude students
or those over retirement age. The question, though consistent across survey waves, does not
tell us anything about why a person has not worked in the previous four weeks. This may be
due to unemployment but may also be to do with ill health, being a student, or being on some
other form of leave from work. A more nuanced measure of unemployment is necessary to
tease these issues out more fully.
Four measures of behavioural risk were included in this study (active smoking, alcohol con-
sumption, fruit and vegetable consumption and physical inactivity). There is mixed evidence
for the importance of alcohol as an exposure for stroke. Sacco [51] found that the relationship
with ischaemic and haemorrhagic stroke varied. The INTERSTROKE study also reported a
differential relationship between alcohol consumption and incidence of ischaemic (J-shaped)
and haemorrhagic stroke (linear increase) [32]. This highlights the complex relationship
between alcohol consumption and stroke risk.
The distribution of drinking habits in the combined SHeS sample was highly variable, with
17,541 individuals reporting moderate drinking patterns compared to 1,966 individuals
reporting being never drinkers. The extreme imbalance in numbers between categories may
have made it difficult for any differences to be detected between categories despite the overall
model effect still being significant at p<0.001. It is also possible, being a self-reported exposure
that some reporting bias exists in this survey. It is also widely reported that the health surveys
underestimate alcohol consumption [39].
Active smoking was the only behavioural exposure which was still associated with incident
stroke events following adjustment for potential confounders. The 1995 and 1998 SHeS waves
contributed more than 50% of the person-years at risk. The results may not therefore account
for the impact of Scottish smoke-free legislation on smoking levels.
Smoking has consistently been reported as an important predictor of increased stroke risk
in the published literature [52–54]. Fahimfar [54] reported PAFs for the proportion of strokes
attributable to smoking at results lower than ours between 12 and 14% compared to 25.6% in
the present study. The highest PAF found in the published literature was by Scarborough [55]
at 22%, which is consistent with our estimate. These differences may be partially explained by
varying prevalence rates and measures of smoking used in these studies.
Though the present study did not find physical activity to be a significant predictor of
stroke after full adjustment for confounding, there is published evidence to support a protec-
tive effect of physical activity on stroke incidence [52]. The measure used in the current study
was self-reported which may have introduced reporting bias.
In contrast to the results in this study which found no causal link between stroke and fruit
and vegetable consumption, the World Health Organization estimated that low fruit & vegeta-
ble consumption explained 11% of strokes worldwide [56].
A PAF was not calculated for BMI based on the DAG-adjusted model as this showed only
borderline statistical significance (p = 0.054). Other studies have reported a significant causal
link between high BMI and stroke which is not highly inconsistent with our findings [57, 58].
Of the three physiological exposures measured in this study, high systolic blood pressure
was most strongly linked to stroke incidence. This is consistent with several previous studies
[32,52,56,57]. The measure of systolic blood pressure did not exclude those on blood pressure
reducing drugs, so there is the potential for misclassification of risk as those with blood
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pressure at normal levels due to medication may have already suffered physiological damage
through previous exposure, masking their true risk profile. A sensitivity analysis excluding
those reporting being on treatment would be a useful measure.
Total cholesterol was not a significant predictor of stroke in our study. The relationship
between cholesterol and stroke in the published literature was mixed. Sacco [51] reported the
link to ischaemic stroke as being inconclusive [52]. The INTERSTROKE study [32] reported
that increased concentration of HDL cholesterol was associated with a reduced risk of ischae-
mic stroke but an increased risk of haemorrhagic stroke. This also highlights the importance
of considering exposures for stroke subtypes where possible.
Conclusions
The results from this comparative risk assessment approach provide evidence for the relative
importance of a range of modifiable exposures in explaining stroke. They provide evidence to
suggest that the greatest public health gains from reducing morbidity and mortality from
stroke are to be made from prioritising interventions that target socio-economic deprivation.
Physiological and behavioural exposures such as high systolic blood pressure and smoking
were also important explanatory factors for stroke and offer additional opportunities to reduce
the burden of this disease in Scotland. The methodological approach used in this study also
lays the foundation for future work to explore the role of mediating pathways between expo-
sure and stroke. This may be important from a policy perspective if we can strengthen our
understanding of the relative importance of intermediate variables as mediators along the
causal pathway. In addition, there is a need to better understand the type of interventions that
would be most effective in realising the potential gains estimated through comparative risk
assessment studies.
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